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a b s t r a c t 

The electrocatalytic hydrogen evolution reaction (HER) on a Pd 40 Cu 30 Ni 10 P 20 metallic glass (MG) in both 

acidic and alkaline media is enhanced through severe plastic deformation using high-pressure torsion 

(HPT). The severe plastic deformation increased the energy state of the sample by approximately 21.7J/g 

without causing crystallization. The overpotentials at 10 mA cm 

−2 of the HPT-treated Pd 40 Cu 30 Ni 10 P 20 MG 

are 76 mV and 209 mV in 0.5 M H 2 SO 4 and 1.0 M KOH, respectively, which are much smaller than those 

of 179 mV and 379 mV for the melt-spun Pd 40 Cu 30 Ni 10 P 20 MG at the same conditions. The improved 

HER performances should be mainly attributed to the significantly increased density of flow units in the 

amorphous matrix by severe plastic deformation. 

Severe plastic deformation by the high-pressure torsion (HPT) on a Pd 40 Cu 30 Ni 10 P 20 metallic glass (MG) 

would generate more flow units upon the amorphous matrix and significantly improve the electrocat- 

alytic hydrogen evolution reaction (HER) performances in both acidic and alkaline media. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Hydrogen plays an important role in facing the energy crisis as 

 pollution-free and renewable energy carrier. [1 , 2] Electrolysis of 

ater is an environmentally friendly, economical and sustainable 

ay to produce hydrogen. [3] However, owning to the sluggish ki- 

etics of hydrogen evolution reaction (HER), which is one of the 

ain reaction of water splitting, efficient catalysts are still needed 

o accelerate this reaction. [4] 

Metallic glasses (MGs), as a group of metastable materials, have 

howed superior properties compared with their corresponding 

rystalline alloys due to the unique long-range disordered atomic 

tructure. [5] Additionally, such amorphous structures are benefi- 

ial for catalytic performance where more catalytic active sites can 

e introduced on the surface for electrochemical applications. [6–8] 

eanwhile, the dealloying during electrochemical tests could en- 

ich active sites and makes MGs possess unique self-enhanced cat- 

lytic activity. [9] 

Although the atoms in MGs are uniformly and randomly dis- 

ributed from a macro point of view, similar to the defects in crys- 
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alline materials, there also exist some local domains with inho- 

ogeneous chemical compositions inside the MGs matrix, which 

ould be denoted as flow units. [10 , 11] Different from the amor- 

hous matrix, the atoms in flow units are more loosely arranged 

nd in higher energy states, which might be beneficial for catalyz- 

ng the electrochemical reactions. [10 , 12] 

The properties of MGs can be effectively tuned by chang- 

ng the density of flow units by different thermal or mechanical 

ethods. Xue et al . showed that the concentration of flow units 

n MGs can be continuously changed during isothermal anneal- 

ng. [13] Wagner et al . reported that the amount of flow units can 

e increased as shear stress enhances. [12] The mechanical prop- 

rties such as plasticity and toughness of MGs can be effectively 

mproved by adjusting the density of flow units. [14–16] High- 

ressure torsion (HPT) is an efficient technique for structural mod- 

fication by combining compression and concurrent torsion [17] , 

hich can cause severe plastic deformation and induce abundant 

ow units and hereby improve the properties of MGs. [18] , [19] 

dalati et.al reported that the HPT process could effectively en- 

ance the hydrogenation kinetics of Mg-based hydrogen storage 

lloy. [20] In previous studies, a Fe 78 Si 9 B 13 MG subjected to the 

PT treatment showed enhanced catalytic performance for hydro- 
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Fig. 1. (a) XRD patterns of the melt-spun and HPT-treated Pd 40 Cu 30 Ni 10 P 20 MGs; (b and c) SEM images of the HPT-treated MG, insert is the optical picture; (d and e) DSC 

curves of the melt-spun and HPT-treated Pd 40 Cu 30 Ni 10 P 20 MGs; (f) a schematic diagram describing the energy state of melt-spun MG and HPT-treated sample. 
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Table 1 

Glass transition temperature ( T g ), onset crystallization temperature 

( T x ), peak temperature ( T p ), melting temperature ( T m ) and crystalliza- 

tion enthalpy ( �H ) of melt-spun and HPT-treated MGs. 

T g ( °C) T x ( °C) T p ( °C) T m ( °C) �H ( J/g) 

MG 312.9 377.4 397.2 521.1 47.62 

HPT-treated 312.7 357.6 377.2 500.5 42.05 
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en evolution and oxygen evolution. [21 , 22] However, since the Fe- 

ased MGs are usually quite hard, the HPT treatment would induce 

anocrystallization upon the amorphous matrix, and the effect of 

anocrystals on the catalytic performance is difficult to elucidate. 

In this study, a Pd 40 Cu 30 Ni 10 P 20 MG, which is much softer than

e-based MGs, is subjected to HPT treatment and the HER catalytic 

erformances are studied. Results show that the HPT-treated MG 

ithout causing obvious crystallization exhibits superior HER cat- 

lytic performance in both acidic and alkaline media. The overpo- 

ential is 76 mV at 10 mA cm 

−2 in 0.5 M H 2 SO 4 and 207 mV at

0 mA cm 

−2 in 1 M KOH, while the overpotentials of MG in the 

orresponding electrolyte environments are 179 mV and 379 mV, 

espectively. 

The Pd 40 Cu 30 Ni 10 P 20 MG ribbons were prepared by melt spin- 

ing in high-purity argon atmosphere and then they were put 

nto the mold for the HPT treatment at ambient temperature. The 

PT parameters were set as follows, pressure of 6 GPa, rotation 

peed of 1 rpm and rotations of 10 turns. The phase structures 

f the melt-spun and HPT-treated Pd 40 Cu 30 Ni 10 P 20 MG were stud- 

ed by X-ray diffraction (XRD, Rigaku UItima IV) and the thermal 

ehaviors were studied by using a METTLER 3 + thermal analyzer 

t a heating rate of 30 K min 

−1 . The microstructures and chem- 

cal compositions were studied by scanning electron microscopy 

SEM, ZEISS ULTRA 55) attached with an energy dispersive X-ray 

pectrometer (EDS). X-ray photoelectron spectroscopy (XPS) tests 

ere carried out in a Thermo Scientific Escalab 250Xi with C 1s 

s correction reference. Electrocatalytic performances in acidic and 

lkaline media were evaluated by using a CHI760E electrochem- 

cal workstation with a standard three-electrode configuration at 

oom temperature, in which the melt-spun and HPT-treated MGs 

ere served as the working electrode. The Ag/AgCl electrode and 

he carbon rod were selected to be the reference electrode and 

he counter electrode, respectively. 40 segments cyclic voltammo- 

ram (CV) cycles were carried out to make the samples to reach 

 stable state for further electrochemical tests. The linear sweep 

oltammetry (LSV) was gained with a scan rate of 5 mV s −1 for 

olarization curves. The Tafel slopes were calculated from the LSV 

urve by using Tafel formula. [23] Electrochemical impedance spec- 

ra (EIS) for different samples were measured with an perturbation 

oltage of 10 mV and a frequency ranging from 100 kHz to 0.1 Hz. 

lectrochemical surface area (ECSA) was obtained by the double- 

e

2 
ayer capacitors ( C dl ) equation (ECSA = C dl / C dl-Ref ) where C dl-Ref is

.04 mF cm 

−2 (the double layer capacitance of a flat surface) and 

 dl was measured by cyclic voltammogram (CV) at various scan 

ates. In addition, the two samples were also subjected to 10 0 0 CV 

ycles in acidic and alkaline media to explore their HER stability. 

ig. 1 a shows the XRD patterns of the melt-spun and HPT-treated 

d 40 Cu 30 Ni 10 P 20 MGs. Both of them are amorphous, indicating that 

he HPT treatment has not led to crystallization, which are very 

ifferent from our previous study on the Fe-based MGs. [21] This 

esult is the same as we expected, and the effect of nanocrystal- 

zation on HER performance can be got rid of. Fig. 1 b and c show

he SEM images of the HPT-treated sample and the actual picture 

s inserted. The surface contains many folds and cracks, which in- 

reased its effective contact area in HER catalytic process. [24] 

In order to quantify the effect of HPT treatment on the en- 

rgy state, DSC measurements were performed for melt-spun and 

PT-treated MGs at a heating rate of 30 K min 

−1 . Fig. 1 d shows

hat the glass transition temperature ( T g ) keeps unchanged after 

PT treatment; however, the onset crystallization temperature ( T x ) 

s reduced from 377.4 °C to 357.6 °C and the melting tempera- 

ure is also approximately decreased about 20 °C. The change of 

hermal behaviors should be due to the severe plastic deforma- 

ion caused by the HPT treatment. Moreover, the crystallization 

nthalpies ( �H ) of the two samples were calculated as listed in 

able 1 . Combining the changes of T x and �H , it can be concluded

hat the crystallization behavior of the HPT-treated MG is easier 

o happen and the energy required for crystallization is reduced. 

o better reveal the difference in energy states, the DSC curves 

ere calibrated as follows: all curves were brought to zero heat 

ux at 100 °C because no thermal behavior occurs at this relatively 

ow temperature; then the curves were corrected by using a lin- 

ar correction to accordant with each other in the supercooled liq- 
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Fig. 2. LSV curves and the capacitive current density from double layer charging of the melt-spun and HPT-treated Pd 40 Cu 30 Ni 10 P 20 MGs before and after 10 0 0 CV cycles in 

(a and b) acidic and (c and d) alkaline electrolytes. 
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a  
id region. The structural relaxation of MGs is accelerated during 

eating, which can be characterized by exothermic or endothermic 

eaks below T g in the DSC curves. 

The heat release or absorption during this process is an indica- 

or of energy state of MGs [25] , which is closely related with the

raction of flow units [26] . As shown in Fig. 1 e, the MG has relaxed

o a low energy state, characterized by an endothermic peak below 

 g . However, the sample was rejuvenated to a higher energy state 

fter HPT with an obvious exothermic peak below T g . The energy 

ifference between MG and HPT-treated sample was estimated to 

e 21.7 J/g, which is much larger than that induced by thermal cy- 

ling [27] , shot peening [28] or high-pressure annealing [26] , indi- 

ating that a large amount of flow units have been introduced by 

PT treatment. 

For clearly understanding the energy state changes, a schematic 

iagram has drawn as shown in Fig. 1 f. The HPT treatment intro- 

uces more flow units to the amorphous matrix, so that the poten- 

ial energy of MG is increased and reached a higher and unstable 

tate. Hence, the crystallization behavior is more easily to occur for 

he HPT-treated MG and this explains the reduction of T x . 

HER performances in acidic and alkaline media of the melt- 

pun and HPT-treated Pd 40 Cu 30 Ni 10 P 20 MGs are studied by LSV 

urves and C dl curves as shown in Fig. 2 . At the current density

f 10 mA cm 

−2 , the overpotentials of the HPT-treated sample de- 

reases from 179 mV to 76 mV in 0.5 M H 2 SO 4 and from 379 mV

o 209 mV in 1 M KOH. Different from the melt-spun ribbon, the 

SV of the HPT-treated MG shows a current density away from 0 

A cm 

−2 at 0 V. Because the morphology and thickness of the 

PT sample and the melt-spun sample are different, it should be 

larified whether the phenomenon is related to morphologies or 

ot. The HPT-treated MG was polished to greatly change its surface 

orphology and thickness. Fig. S2 shows that the cracks and un- 

venness on the surface disappeared after polishing. The thickness 

f the sample after two polishing processes is 0.56 mm and 0.48 

m, respectively. Fig. S3 shows the LSV curves of the HPT-treated 
3 
G before and after polishing, which are almost the same. It is 

hus suggested that the measurement results of LSV is not due to 

he surface morphology or thickness, but an intrinsic phenomenon 

f the HPT-treated samples [21] . 

As shown in Fig. S4, the Tafel slopes of the MG increase after 

PT treatment both in acidic and alkaline media, and this might 

e due to the uneven surface caused by severe plastic deforma- 

ion. Fig. 2 b and d show the capacitive current density from dou- 

le layer charging of the two samples in acidic and alkaline elec- 

rolytes, respectively. The calculated C dl and ESCA are listed in 

able 2 , where the ECSA of the MG is increased by more than 10

olds upon HPT. These results show that the HER catalytic ability of 

he melt-spun Pd 40 Cu 30 Ni 10 P 20 MG can be significantly enhanced 

y HPT. 

For both two samples, the overpotential at 10 mA cm 

−2 in- 

reases after 10 0 0 CV cycles in acidic media, however, it decreases 

n alkaline media. The phenomena should be further clarified. Fig. 

 shows the XPS patterns of Ni 2p and P 2p . Fig.3a-b show that

he peaks of Ni 2+ and P 5+ of the melt-spun and HPT-treated MGs 

reatly decreased after 10 0 0 CV cycles in acidic electrolyte. How- 

ver, as shown in Fig.3c-d, the relative intensity of Ni 2+ and P 5+ 

eaks increased and the P 3+ peak nearly disappeared after 10 0 0 

V cycles in alkaline media, indicating that a large amount of P 0 

as been transformed to P 5+ . It can be concluded that during the 

ER process in alkaline electrolyte, the P element and Ni element 

ere combined in the form of Ni 5 P 2 , which is beneficial for the 

atalytic performance. As for the acidic situation, not only there is 

o formation of Ni 5 P 2 but also Ni 2+ falls into the electrolyte. There- 

ore, the HER performance has a certain degree of degradation af- 

er 10 0 0 CV cycles. It is revealed that the HER performance of 

d 40 Cu 30 Ni 10 P 20 MG after HPT treatment has been improved con- 

iderably both in acidic and alkaline media. On the one hand, this 

s attributed to the microcracks and folds on the sample surface 

rought by HPT treatment, which increases the effective contact 

rea with the electrolyte (as shown in Fig. 1 c and Table 2 ). Previ-
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Table 2 

Impedance, overpotentials, Tafel slopes, C dl and ECSA of the melt-spun and HPT-treated Pd 40 Cu 30 Ni 10 P 20 MGs before and after 10 0 0 CV cycles in acidic and alkaline 

electrolytes. 

Ba Electrolyte R s (ohm cm 

2 ) R ct (ohm cm 

2 ) η (mV) at 10 mA cm 

−2 Tafel slope (mV dec −1 ) C dl (mF cm 

−2 ) ECSA 

MG 0.5 M H 2 SO 4 5.83 48.68 179 55 0.37 9.25 

1 M KOH 5.44 100.2 379 102 0.52 13 

MG-1000CV 0.5 M H 2 SO 4 5.62 44.24 203 61 0.08 2 

1 M KOH 5.73 119.4 337 103 0.57 14.25 

HPT-treated MG 0.5 M H 2 SO 4 4.75 28.22 76 91 11.85 296.25 

1 M KOH 4.21 104.79 209 202 7.97 199.25 

HPT-treated- 

1000CV 

0.5 M H 2 SO 4 4.24 33.98 125 110 9.64 241 

1 M KOH 3.57 120.92 174 207 8.32 208 

Fig. 3. XPS patterns of Ni 2p and P 2p of the melt-spun and HPT-treated Pd 40 Cu 30 Ni 10 P 20 MGs before and after 10 0 0 CV cycles in (a and b) acidic and (c and d) alkaline 

electrolytes. 

Fig. 4. Schematic diagram of the density of flow units in the amorphous matrix before and after HPT treatment and the hydrogen generation process. 
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us studies established that the atomic distribution of MG has a 

igh degree of uniformity in nanoscale. [29 , 30] However, the AFM 

mages of the HPT-treated sample show compositional heterogene- 

ty in the nanoscale, which may reflect the increased density of 

ow units (Fig. S9). Additionally, the DSC results in Fig. 1 can also 
4 
rove the increase of the quantities of flow units after the HPT 

reatment. A schematic diagram as shown in Fig. 4 is drawn to il- 

ustrate this internal atomic change before and after HPT treatment 

ore intuitively. The density of flow units tremendously increases 

fter HPT processing. The atomic arrangement of these flow unit 
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reas is looser and has more active sites for HER, and the property 

f higher energy is more beneficial for the adsorption of H 

+ and 

he generation of H 2 . 

In summary, this study shows that the severe plastic defor- 

ation by HPT treatment can effectively improve the HER perfor- 

ances of a melt-spun Pd 40 Cu 30 Ni 10 P 20 MG both in acidic and al-

aline media, which should be due to the significantly increased 

ensity of flow units in the amorphous matrix. The overpoten- 

ials at 10 mA cm 

−2 of the HPT-treated Pd 40 Cu 30 Ni 10 P 20 MG are

6 mV and 209 mV in 0.5 M H 2 SO 4 and 1.0 M KOH respectively,

hich are smaller than 179 mV and 379 mV for the melt-spun 

d 40 Cu 30 Ni 10 P 20 MG at the same conditions. 
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